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This document was prepared to document the distribution of additional data summarized in a 
previous report entitled "Results from ORNL Characterization of German Reference Fuel from the 
EUO 2358-2365 Composite," ORNL/TM-2005/546 (also known as ORNL/CF-04/06), April 2004. 
This previous report was a compilation of the characterization data obtained on a sample of 
TRISO-coated 500 µm diameter UO2 produced in Germany and obtained by the AGR program for 
use as a historical reference material. This sample came from the EUO 2358-2365 composite 
studied by General Atomics (GA) and referenced in GA document #910852 “Acceptance Test 
report for German Fuel Particles.” The ORNL designation for the material characterized was 
AGR-06. 
This update includes the individual particle data from measurements of kernel diameter, particle 
diameter, and coating thickness. This individual particle data was not included in the previous 
report, which only contained the summary data from the image analysis. 
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1 Kernel Size and Shape 
 
Shadow images for a random orientation of 6704 kernels (about 4.7 g) extracted from AGR-06 
were obtained. Image analysis software was used to find the center of each kernel projection, 
identify 360 points around the perimeter, and measure the distance from center to each perimeter 
point (defined as the kernel radius). The uncertainty for this measurement was ±1 µm. This data 
was then compiled to report sphericity (maximum radius/minimum radius), mean diameter, 
standard deviation in diameter, maximum diameter, and minimum diameter for each kernel 
measured. Note that image analysis actually measured the radius of the kernel. The radius was 
multiplied by two in order to report the data in terms of diameter. This was done because these 
values are usually specified and reported in terms of diameter. The error introduced by making 
this conversion was small because the kernel cross sections were fairly symmetrical. The summary 
data from each kernel in the sample was then compiled to obtain the average, standard deviation, 
maximum, and minimum of the individual kernel quantities (sphericity, mean diameter, standard 
deviation in diameter, maximum diameter, and minimum diameter). Figure 1-1 contains the 
summary data and shows the distributions of the kernel sphericity and mean kernel diameter.  
The measured kernels had an average mean diameter of 506 µm with a standard deviation in the 
distribution of 8 µm. The distribution was close to Gaussian. Based on variable sampling statistics, 
the average mean diameter of the German kernels is predicted to be 504 - 508 µm with 95% 
confidence. Less than 1% of the kernels measured had mean diameters outside the range 485 - 525 
µm. The largest kernel measured had a mean diameter of 565 µm. The smallest kernel had a mean 
diameter of 472 µm. 
Table 1-1 shows the output obtained from the image analysis software for the first 55 kernels 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 6704 kernels. 
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Figure 1-1. Size and shape summary for kernels extracted from German reference fuel. 
Reported diameters are actually two times measured radii. Diameters are in µm.  
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Table 1-1. Size and shape data for each individual kernel used to generate Figure 1-1 
(double click to open this embedded Excel file) 
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2 Particle Size and Shape 
 
Shadow images were obtained for a random orientation of 1118 coated particles (about 1.5 g) 
riffled from AGR-06. Image analysis as described above was used to measure the size and shape 
of the particles. Figure 2-1 contains the compiled data and shows the distributions of the particle 
sphericity and mean particle radius. In reporting the data for the particle size and shape, data was 
left in terms of the measured radius rather than multiplying by two to estimate the diameter, 
because the faceting of the coated particles was such that it was more appropriate to report the data 
in terms of radius. 
The measured particles had an average mean radius of 461 µm with a standard deviation in the 
distribution of 12 µm. The distribution was close to Gaussian. Based on variable sampling 
statistics, the average mean radius of the German particles is predicted to be 460 - 462 µm with 
95% confidence. Less than 1% of the particles measured had mean radii outside the range 445 - 
485 µm. The largest particle measured had a mean radius of 501 µm. The smallest particle had a 
mean radius of 425 µm. The minimum mean radius of 425 µm suggested that no particles measured 
are missing more than 80% of their 100 µm thick buffer layer uniformly around the particle. 
However, the more aspherical particles exhibited local radii of as low as 391 µm, which could 
indicate that more than 80% of the buffer is missing at that location. 
Table 2-1 shows the output obtained from the image analysis software for the first 51 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 1118 particles. 
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Figure 2-1: Size and shape summary for 1118 coated particles. Radii are in µm. 
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Table 2-1. Size and shape data for each individual particle used to generate Figure 2-1 
(double click to open this embedded Excel file) 
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3 Particle Size and Shape After Removing OPyC 
 
The same sample of particles described in section 2 was remeasured after removing the outer 
pyrocarbon (OPyC) layer by heating in air at 800°C for 4 hours. Figure 3-1 shows the data 
summary for 1283 particles measured. The measured particles had an average mean radius of 426 
µm with a standard deviation in the distribution of 12 µm. The distribution was close to Gaussian. 
The difference in the average mean radius before and after OPyC removal was 35 µm. Direct 
measurement of the OPyC thickness as described in section 4.5 yielded an average mean thickness 
of 36 µm. The sample of particles before and after removal of the OPyC exhibited the same 
standard deviation in mean radius. This was expected for an OPyC layer with a standard deviation 
in thickness of a few microns. Note that the number of particles measured in Figure 2-1 was 1118. 
These numbers were different because the technique used did not measure every particle in the 
sample. Some particle projections were cutoff at the edges of the images and not analyzed. 
Table 3-1 shows the output obtained from the image analysis software for the first 54 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 1283 particles. 
 



ORNL/LTR-2012/197 

11 

 
Figure 3-1: Size and shape summary for 1283 particles with the OPyC removed. Radii are in 
µm. 
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Table 3-1. Size and shape data for each individual particle used to generate Figure 3-1 
(double click to open this embedded Excel file) 
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4 Coating Thickness 
 
Coating thicknesses were measured on 186 particles by mounting particles in a clear epoxy and 
grinding and polishing the particles to close to, but not beyond, the midpoint. The polished cross 
sections were imaged with bright field reflected mode with a computer-automated optical 
microscope and the images were computer analyzed to extract the thickness info for each layer. 
The deviation of the measured layer thickness from the actual layer thickness due to the polished 
cross section not being exactly at a midplane was corrected by measuring the outer diameter of the 
particle and applying a geometric correction. 
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4.1 Kernel diameter 
The cross section measurement provides a secondary measurement of the kernel diameter. This 
measurement introduces more uncertainty than the shadow image technique in section 1 because 
of some uncertainty in the kernel buffer interface created during grinding and greater effect from 
error introduced by correction to midplane. Figure 4-1 shows the data summary for the kernel 
radius. The average mean radius was 257 µm. The mean kernel size measured by this technique 
was slightly higher than what was measured by shadow imaging (253 µm). This error could also 
be related to a real gap between the kernel and buffer that may be included in the cross sectioned 
kernel radius. 
Table 4-1 shows the output obtained from the image analysis software for the first 50 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 186 particles. 

 
Figure 4-1: Data summary for kernel radius from cross section measurement. Radii are in µm. 
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Table 4-1. Kernel radius data for each individual particle used to generate Figure 4-1 
(double click to open this embedded Excel file) 
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4.2 Buffer thickness 
 
Figure 4-2 shows the data summary for the measurements made on the buffer. The average mean 
buffer thickness was 94 µm with a standard deviation in the distribution of 11 µm. The thickness 
distribution was close to Gaussian. Based on variable sampling statistics, the average mean buffer 
thickness of the German kernels is predicted to be 92-96 µm with 95% confidence. The thickest 
point measured in a buffer layer was 131 µm. The thinnest point measured in a buffer layer was 
63 µm. Figure 4-3 shows an example of a buffer with a high standard deviation in thickness. This 
resulted in a faceted particle. The non-uniform buffer layer also resulted in more thickness 
deviation in the outer layers. Where the buffer layer was thinner, the other layers also tended to be 
thinner. The strong dependence on particle shape and coating uniformity on the buffer uniformity 
suggest that some optimization of the buffer coating step would be valuable. It would be interesting 
to study the correlation between irregularity in the buffer thickness and coating bed fluidization 
conditions. 
Table 4-2 shows the output obtained from the image analysis software for the first 50 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 186 particles. 

 
Figure 4-2: Data summary for buffer thickness. Thicknesses are in µm. 
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Figure 4-3: Particle with non-uniform buffer layer. 
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Table 4-2. Buffer thickness data for each individual particle used to generate Figure 4-2 
(double click to open this embedded Excel file) 
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4.3 IPyC thickness 
 
Figure 4-4 shows the data summary for the measurements made on the inner pyrocarbon (IPyC). 
The average mean IPyC thickness was 39 µm with a standard deviation in the distribution of 3 
µm. The thickness distribution was close to Gaussian. Based on variable sampling statistics, the 
average mean IPyC thickness of the German kernels is predicted to be 38-40 µm with 95% 
confidence. The thickest point measured in an IPyC layer was 56 µm. The thinnest point measured 
in an IPyC layer was 21 µm. 
Table 4-3 shows the output obtained from the image analysis software for the first 50 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 186 particles. 

 
Figure 4-4: Data summary for IPyC thickness. Thicknesses are in µm. 
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Table 4-3. IPyC thickness data for each individual particle used to generate Figure 4-4 
(double click to open this embedded Excel file) 
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4.4 SiC thickness 
 
Figure 4-5 shows the data summary for the measurements made on the SiC. The average mean 
SiC thickness was 33.9 µm with a standard deviation in the distribution of 1.4 µm. The thickness 
distribution was close to Gaussian. Based on variable sampling statistics, the average mean SiC 
thickness of the German kernels is predicted to be 33-35 µm with 95% confidence. The thickest 
point measured in a SiC layer was 43 µm. The thinnest point measured in a SiC layer was 24 µm. 
The maximum standard deviation in thickness around a SiC layer was only 2.5 µm. This indicated 
that the SiC layers were very uniform in thickness on each particle. The largest local deviations in 
SiC thickness that were observed were associated with large deviations in the buffer thickness. 
Table 4-4 shows the output obtained from the image analysis software for the first 50 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 186 particles. 

 
Figure 4-5: Data summary for SiC thickness. Thicknesses are in µm. 
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Table 4-4. SiC thickness data for each individual particle used to generate Figure 4-5 
(double click to open this embedded Excel file) 
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4.5 OPyC thickness 
 
Figure 4-6 shows the data summary for the measurements made on the OPyC. The average mean 
OPyC thickness was 36 µm with a standard deviation in the distribution of 2 µm. The thickness 
distribution was close to Gaussian. Based on variable sampling statistics, the average mean OPyC 
thickness of the German kernels is predicted to be 35-37 µm with 95% confidence. The thickest 
point measured in an OPyC layer was 51 µm. The thinnest point measured in an OPyC layer was 
26 µm. Figure 4-7 and Figure 4-8 show that the thickest and thinnest regions observed in the OPyC 
layers were associated with faceted regions in the particle. 
Table 4-5 shows the output obtained from the image analysis software for the first 50 particles 
analyzed. This table is an embedded Excel file. Double click the table to access the full data set 
for all 186 particles. 

 
Figure 4-6: Data summary for OPyC thickness. Thicknesses are in µm. 
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Figure 4-7: Particle showing thickest local OPyC region. 

 
Figure 4-8: Particle showing thinnest local OPyC region. 
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Table 4-5. OPyC thickness data for each individual particle used to generate Figure 4-6 
(double click to open this embedded Excel file) 
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4.6 Total particle radius 
 
The mean kernel radius and mean layer thickness data were summed for each particle as a 
comparison check against the data obtained from the whole particle measurements made in section 
2. The average mean radius obtained by summing the data from the cross section measurements 
was 461 µm with a standard deviation in the distribution of 10 µm (Figure 4-9). This agreed well 
with the data obtained by shadow imaging the whole particles summarized in Figure 2-1  (461 µm 
with a standard deviation in the distribution of 12 µm). 
 

 
Figure 4-9: Data summary for total particle radius calculated from sum of kernel radius and 
layer thicknesses. Radii are in µm. 
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